Highlights d The cryo-EM structure of the 90S pre-ribosome is revealed at 7.3 Å average resolution 
INTRODUCTION
The biogenesis of the 60S and 40S ribosomal subunits in eukaryotic cells follows a complicated pathway, which requires the assembly of four rRNAs and 80 ribosomal proteins (RPs). Ribosome assembly starts in the nucleolus with transcription of a large precursor rRNA (called 35S pre-rRNA in yeast) by RNA polymerase I, from which the mature 18S, 5.8S, and 25S rRNAs are generated (Woolford and Baserga, 2013) . The 5S pre-rRNA is transcribed by RNA polymerase III and incorporated into the nascent pre-ribosome in a subsequent step (Zhang et al., 2007) . The 35S pre-rRNA assembles co-transcriptionally with numerous trans-acting factors and early binding ribosomal proteins of the small subunit, forming a huge macromolecular complex, termed either the 90S pre-ribosome or small-subunit (SSU) processome (Dragon et al., 2002; Grandi et al., 2002) . In this first 90S assembly intermediate, the pre-rRNA undergoes extensive site-specific base modifications at conserved sites and cleavage reactions at positions A 0 , A 1 , and A 2 , which are well studied in yeast. These early cleavages result in the separation of the 20S pre-rRNA (precursor to 18S), which remains part of the early pre-40S particle, from the 5 0 external transcriptional spacer (5 0 -ETS) RNA and the 27S pre-rRNA (precursor to 25S and 5.8S) moiety (Turowski and Tollervey, 2015) . The removed 5 0 -ETS is degraded by 3 0 (nuclear exosome) and 5 0 (XRNs) exonucleolytic activities (Allmang et al., 2000; Petfalski et al., 1998) . After dissociation from the 90S pre-ribosome, the pre-40S particle follows a relatively simple maturation route to the cytoplasm, where the final 20S to 18S rRNA processing occurs (Lamanna and Karbstein, 2009; Schä fer et al., 2003) .
The assembly machinery, which is part of the 90S pre-ribosome/SSU processome, is composed of 60-70 non-ribosomal factors, with most being called U three proteins (Utp), and various small nucleolar RNAs (snoRNAs), the most important one being the box C/D snoRNA U3 (Dragon et al., 2002) . It has been shown that some of the 90S factors form structurally autonomous subcomplexes (termed UTP-A, UTP-B, UTP-C, Mpp10-Imp3-Imp4, U3 snoRNP, and Bms1-Rcl1 modules), which associate with the nascent pre-rRNA in a sequential and hierarchical fashion (Chaker-Margot et al., 2015; Pé rez-Ferná ndez et al., 2011; Zhang et al., 2016) . It is thought that the recruitment of these modules around the 5 0 -end of the nascent 35S pre-rRNA leads to the formation of the terminal knob structures, typically seen in ''Miller chromatin spreads'' (Mougey et al., 1993) . The earliest 90S modules assembling on the pre-rRNA are the two large subcomplexes UTP-A and UTP-B, which predominantly consist of WD40 (b-propeller) domain containing proteins. A significant number of 90S factors are associated with the 5 0 -ETS of the pre-rRNA (e.g., UTP-A, UTP-B, and Mpp10-Imp3-Imp4), whereas others bind later when the pre-18S rRNA moiety becomes co-transcriptionally available (e.g., UTP-C and Bms1-Rcl1) (Chaker-Margot et al., 2015; Zhang et al., 2016) . The U3 snoRNP plays a crucial role in coordinating these first binding ) and 90S pre-ribosome (fraction 9). The indicated fractions derived from the gel shown in (A) were analyzed by mass spectrometry and bands were accordingly labeled. The color code scheme below indicates to which modules the identified 90S assembly factors belong. A complete list of identified proteins of the 90S fraction is shown in Table S1 .
events to the nascent 35S pre-rRNA by base-pairing to multiple complementary sites within both the 5 0 -ETS and 18S rRNA moiety (Dutca et al., 2011) , whereas the Mpp10 subcomplex was proposed to associate with such U3::pre-rRNA heteroduplexes (Gé rczei et al., 2009 ). The Rcl1-Bms1 heterodimer has been shown to be involved in the early cleavage at A 2 within ITS1 (Horn et al., 2011) .
Despite the progress made regarding the composition of the 90S pre-ribosome and the role of individual factors in the assembly process, there is no information on the architecture of this huge macromolecular complex. To gain structural insight into this dynamic and flexible 5 MDa biogenesis intermediate, we isolated the 90S pre-ribosome from a eukaryotic thermophile and could solve its cryo-electron microscopy (cryo-EM) structure at an average resolution of 7.3 Å . The cryo-EM map gives insight into the three-dimensional architecture of the 90S preribosomal scaffold, revealing how the individual modules decorate the pre-18S rRNA moiety, thereby orchestrating pre-rRNA folding, processing, and assembly.
RESULTS

Composition and Structure of the 90S Pre-ribosome and Derived 5
0 -ETS Recycling Intermediate Our previous studies based on size exclusion chromatography indicated that the pre-ribosomes affinity-purified through the Pwp2 (Utp1) bait protein were composed of 90S particles and a free 530 kDa Pwp2 subcomplex (Grandi et al., 2002) , which was subsequently termed UTP-B complex (Krogan et al., 2004) . To determine how 90S assembly factors from yeast are distributed between the huge 90S and smaller particles, we purified representative proteins and subsequently performed sucrose gradient ultracentrifugation. The assembly factor Enp1-Flag-TEV-proteinA (FTpA) was bound to both 90S and derived pre-40S particles as anticipated ( Figure S1A ). In contrast, affinity-purified Utp22-FTpA as an UTP-C representative was predominantly associated with 90S pre-ribosomes, but also present in a free UTP-C complex ( Figure S1A ). Pwp2-FTpA (UTP-B factor) and in particular Utp10-FTpA (UTP-A factor) yielded, in addition to the 90S peak and the free UTP complexes, a third peak at the middle of the gradient (estimated Svedberg value of 35S; Figures 1A and S1A ). The fraction corresponding to this 35S peak contained in addition to UTP-A and UTP-B, also the U3 snoRNP, the Mpp10 subcomplex and four orphan 90S assembly factors (Utp7, Utp11, Utp16, and Sof1), but lacked a number of other factors (e.g., Utp20, Rrp5, Kre33) typically present in the 90S pool ( Figure 1B , compare fraction 6 and 9).
The pre-RNAs that co-enriched with the various purified preribosomal particles were analyzed by northern blotting. When RNA was immediately extracted from IgG-Sepharose bound Utp10-FTpA or Pwp2-FTpA (i.e., during the first purification step), it contained the highest amount of the labile 35S prerRNA, which was found to gradually degrade during the subsequent purification steps ( Figure S1B ; data not shown), especially during the overnight sucrose gradient centrifugation ( Figure 1A ). In contrast, other shorter co-precipitated RNA species such as 23S and 22/21S forms were more stable during the prolonged isolation procedure, which could explain why we recover predominantly 23S pre-RNA in the extensively purified 90S particles. In vivo, the 23S species has been proposed to arise from aberrant processing at site A 3 prior to A 0 -A 2 cleavages within the 35S pre-rRNA (Allmang et al., 2000) , but there is also the suggestion that the 23S form is physiologically relevant (Granneman and Baserga, 2004) . It is also conceivable that some of the 23S RNA associated with the extensively purified 90S particles was generated in vitro from the original 35S pre-RNA by degradation of the unprotected 27S pre-rRNA moiety largely devoid of 60S assembly factors (Grandi et al., 2002) , whereas the remainder (23S moiety) was shielded due to its embedding in the 90S scaffold.
When the RNA of the particle from the middle of the gradient was analyzed, it contained besides the U3 snoRNA only 5 0 -ETS RNA fragments derived from early SSU processome cleavages, which are destined for degradation (Figures 1A and S1A) . Markedly, the free UTP-A complex also carried the 5 0 -ETS rRNA ( Figure 1A ). Consistent with this data, in vivo RNA-protein crosslinking showed that the UTP-A factor Utp9 contacts the 5 0 -ETS RNA at the extreme 5 0 end (helix I and II) of the 35S pre-rRNA (Figure 2A ), whereas the UTP-B factor Pwp2 was crosslinked ''downstream'' of the Utp9 binding region, namely at helix V and VI within the 5 0 -ETS ( Figure 2A ). Pwp2 could also be UV-crosslinked to U3 snoRNA at the 3 0 hinge and box C 0 region, suggesting that UTP-B subunits stabilize the 5 0 -ETS::U3 snoRNA heteroduplex at this site ( Figure 2B ). To find out whether the 5 0 -ETS rRNA containing particle is a recycling intermediate formed upon 90S pre-ribosome dismantling, we depleted the Rrp6 exosome factor in the utp18-5xAla mutant that was previously shown to be impaired in 5 0 -ETS degradation due to impaired exosome recruitment to the 90S pre-ribosome (Thoms et al., 2015) . Indeed, a massive buildup of the 5 0 -ETS particle with exaggerated 5 0 -ETS RNA accumulation, impaired 40S formation and synthetic growth inhibition was induced in this double mutant ( Figures S1C-S1G ). These data indicate that the bulk of 90S biogenesis factors including UTP-A, UTP-B, and U3 snoRNP complexes become trapped in a processing intermediate, when exosome-dependent 5 0 -ETS RNA degradation is inhibited.
To gain first structural insight into the 90S pre-ribosome and its derived smaller particles, we performed negative-stain electron microscopy. Two-dimensional class averages indicated that UTP-A and UTP-B modules form somewhat round to elongated 10-15 nm assemblies with globular subdomains ( Figure S2A which could correspond to flexibly joined subunits, presumably b-propeller domains, since most of the UTP-A and UTP-B subunits carry either single or double WD40 domains ( Figure S2B ). Twodimensional classes of the 5 0 -ETS recycling intermediate revealed a significantly larger and elongated structure compared to the subcomplexes, 30 nm in length and 25 nm in width ( Figure S2A ). The 90S pre-ribosome constitutes the largest assembly with an overall size of 40 nm 3 35 nm and a cone-shaped bilobal organization ( Figure S2A ). Reconstruction of low-resolution 3D volumes of the 5 0 -ETS particle revealed a shallow or bowl-like structure, which in its overall dimension is even larger than the mature 40S subunit ( Figure S2C ). The form and size of the 5 0 -ETS particle and the fact that it is a structural component of the 90S pre-ribosome led to the idea that it could serve as a scaffold that engulfs the pre-18S rRNA during co-transcriptional assembly.
Cryo-EM Structure of the 90S Pre-ribosome from a Eukaryotic Thermophile Next, we carried out cryo-electron microscopy to gain molecular insight into the architecture of the 90S pre-ribosome. The cryo-EM structure of the yeast 90S pre-ribosome was solved at 20 Å resolution, which prevented identification of assembly factors or pre-rRNA ( Figure 3A ). Hence, we sought to analyze 90S pre-ribosomal particles from Chaetomium thermophilum (ct), a eukaryotic thermophile, with the aim of obtaining a higher resolution cryo-EM structure. To test whether 90S pre-ribosomal particles can be directly isolated from this thermophilic fungus, we purified the conserved UTP-A factor ctUtp17-FTpA and subsequently performed sucrose gradient centrifugation. In this way and as in yeast, the free ctUTP-A complex could be separated from the ct90S pre-ribosome fraction, which contained the myriad of 90S factors, previously annotated in yeast (Figures  S3A and S3B; Table S2 ). Thus, it is possible to isolate 90S preribosomes and derived subcomplexes with good yield directly from a eukaryotic thermophile.
For cryo-EM analysis, we affinity-purified the ct90S particles via ctUtp6-FTpA (UTP-B factor), which co-enriched predominantly with 90S pre-ribosomes with almost no free UTP-B complex ( Figure 3A ; data not shown), thus making the Flag-peptide eluate ready-to-use for cryo-EM. As was found for ctUtp17, the ctUtp6-FTpA preparation contained all the known 90S modules including UTP-A, UTP-B, UTP-C, Mpp10-Imp3-Imp4, U3 snoRNP, Bms1-Rcl1, and the huge a-helically predicted protein Utp20 ( Figure 3A ). Negative-stain EM of this ct90S particle revealed a homogenous preparation ( Figure S3C ) and subsequent 2D classification showed the typical cone-like structure as previously seen for the yeast 90S particles ( Figure S3D ). Strikingly, the thermophilic 90S pre-ribosome could be solved at 7.3 Å average resolution by cryo-EM, with close to 4 Å in the core and decreasing resolution toward the periphery ( Figures 3B and  3C ). The shape of this huge monolithic particle resembles that observed at lower resolution for the Saccharomyces cerevisiae particle and its dimension extends to 36 nm in width and 40 nm in height ( Figure 3B ). The ct90S particle can be roughly (A) EM analysis of 90S pre-ribosomal particles isolated from Saccharomyces cerevisiae (sc) and Chaetomium thermophilum (ct) (left panel). The methodical gain of resolution is shown from left to right: negative-stain EM (ns) of sc90S, cryo-EM (cryo) of sc90S and ct90S, illustrating a high degree of similarity regarding overall shape and dimension of the particles. Scale bar, 10 nm. SDS-PAGE/Coomassie staining of the ct90S particle isolated via ctUtp6-FTpA and used for cryo-EM (right panel). Bands were labeled accordingly to mass spectrometry analysis of several related ctUtp6-FTpA preparations, using the color code of the annotated yeast 90S assembly factors. For a complete list of identified ct90S factors see Table S2 .
(B) Detailed view of the cryo-EM structure of ct90S pre-ribosome with major structural landmarks described in the text. Scale bar, 10 nm. divided into three main parts, a base structure, from which a few finger-like projections protrude, a central body with a massive backpack-like attachment, and a head region with characteristic snake-like features. Notably, the base and head are connected by a long arch-like protein ( Figure 4A ). Upon using different contour levels for displaying the cryo-EM density, a considerable See also Figure S5 and Movie S1.
amount of the mass in the periphery appeared indeed flexible despite the overall rigidity of the core ( Figure S4 ). Strikingly, no region of the ct90S pre-ribosome is yet as compact when compared to its derived mature 40S ribosomal subunit, which is due to a rather perforated structure with numerous cavities and channels in its internal core.
Identification of UTP-A and UTP-B Modules on the 90S Pre-ribosomal Surface
The subnanometer resolution permitted identification of both helical RNA and secondary protein structures, thus allowing the generation of an initial molecular model of the 90S pre-ribosome. We could unambiguously identify a large number of WD40-repeat b-propeller proteins, a-solenoid, and ab-proteins on the surface of the ct90S particle that contribute to a highly interconnected scaffold wrapping around the RNA core of the particle ( Figure 4A ; Movie S1). Overall, we identified 19 b-propeller domains, of which six are clustered at the base and nine are tightly connected in the body region, forming the characteristic backpack structure ( Figure 4A ). The ctUTP-B complex is predicted to consist of one single and four double b-propeller proteins (in total nine WD40 domains), whereas ctUTP-A harbors only two double plus two single b-propellers (in total six WD40 domains) ( Figure 4B ). Based on this arithmetic, we assign the UTP-B complex to the b-propeller cluster at the body and the UTP-A complex to the b-propeller cluster at the base region of the 90S pre-ribosome ( Figure 4C ). Further support for this topological arrangement comes from another characteristic that all four double b-propeller subunits of UTP-B (Pwp2, Utp21, Utp12, and Utp13) and the three single or double b-propeller subunits of UTP-A (Utp17, Utp8, and Utp15) have predicted a-helical extensions ( Figure 4B ). Strikingly, we find characteristic a-helical bundles with a 4-fold symmetry (dimer of dimers) in the center of both b-propeller clusters ( Figure 4D, insets) , suggesting that these a-helical C termini oligomerize to cluster the b-propellers of UTP-A and UTP-B, respectively, in agreement with previous crosslinking data for the UTP-B complex (Zhang et al., 2014) .
Utp10 is the distinguishing protein subunit of UTP-A due to its huge 200 kDa molecular mass and predicted long a-solenoid fold (see Figure 4B ). As it is known from yeast that Utp10 binds to Utp17 within UTP-A (Freed and Baserga, 2010) , we assign ctUtp10 as the long arch-like solenoid that attaches with one end to a distinct b-propeller of the UTP-A cluster ( Figures 4A  and 4D ). Consistent with this assignment, recombinantly expressed ctUtp10 and ctUtp17 form a heterodimeric complex, in which the ctUtp10 N-terminal (residues 1-456) but not C-terminal remainder (residues 457-1802) binds the Utp17 b-propeller protein (Figures S3E and S3F) .
The only subunit within the UTP-B module that is predicted to form an 50 kDa a-helical structure is Utp6, which is significantly smaller and accordingly shorter than the Utp10 solenoid ( Figure 4B ). Based on this property and on recent chemical crosslinking data that indicates a close proximity between the N-terminal b-propeller of Utp21 and Utp6 within the UTP-B complex (Zhang et al., 2014) , we observe a Half-A-TPR (HAT) repeat density of matching size adjacent to one of the UTP-B propellers. We therefore assign this HAT density to Utp6, and accordingly the neighboring propeller to Utp21 (Figure 4D , inset).
Another prominent Huntingtin, EF3, PP2A, TOR1 (HEAT) repeat structure is seen in the head region of the 90S pre-ribosome ( Figure 4A ). We tentatively suggest that some of the snake-like densities capping the head of the 90S pre-ribosome represent Utp20, the largest a-helical solenoid (300 kDa) in this particle.
Altogether, we have identified the UTP-A and UTP-B complexes on the surface of the 90S pre-ribosome, as part of the 90S assembly factor scaffold, each forming a distinct structural entity composed of b-propeller clusters organized around a platform of a-helical bundles. As a key feature of the UTP-A cluster, the long a-solenoid Utp10 emerges from the base toward the head region, thereby generating a long distance contact to other regions of the 90S pre-ribosome.
Identification of 5
0 -ETS and the U3 snoRNP within the 90S Pre-ribosome The yeast 5 0 -ETS folds into ten stem-like RNA helices that are connected by short single-stranded linkers (Yeh and Lee, 1992) . A related secondary structure was predicted for the C. thermophilum 5 0 -ETS rRNA, whose length of 587 base pairs (bp) we experimentally determined by primer extension ( Figures  S5A-S5C ). We find cRNA sequences in the thermophilic 5 0 -ETS ( Figure S5A ), which can form hetero-duplexes with the 3 0 hinge and 5 0 hinge regions of the ctU3 snoRNA ( Figures S6A-S6C ). In the base of the 90S particle, finger-like protrusions can be observed that precisely match the typical densities of RNA helices ( Figure 4E ). Considering that the UTP-A cluster is positioned at the 5 0 end of the 5 0 -ETS (see Figure 2A) , we assign these finger-like RNA structures in the base of the 90S particle to the predicted helices in the first part of the 5 0 -ETS. Based on known X-ray structures, we unambiguously identified the conserved U3 snoRNA proteins Nop56, Nop58, Nop1, Snu13, and the U3-specific factor Rrp9 in the density map of the 90S pre-ribosome ( Figures 5A and 5B ). This allowed us to build a model of the ctU3 snoRNA into the nearby RNA density, spanning from its 3 0 hinge region to the very 3 0 end and including the characteristic T-shaped RNA element formed by U3 helices 2 and 4 ( Figures 5B and S6B ). The compact 3 0 half of the U3 snoRNA (helices 2, 3, and 4) decorated with the U3-specific factors is anchored at the front site of the body in proximity to where the Utp10 arch runs up from the UTP-A cluster to the 90S head region ( Figure 5A ). Notably, our fit of the U3 factors is in perfect agreement with experimental RNA crosslinking data (Granneman et al., 2009) . In contrast, the 5 0 part of the U3 deeply penetrates into the 90S core, which allows base-pairing to discrete RNA sites within the 5 0 -ETS (via U3 5 0 and 3 0 hinge motifs) and pre-18S rRNA (via U3 box A/A 0 motifs). Based on other information that the UTP-B factor Pwp2 was UV-crosslinked to both yeast 5 0 -ETS (helix V and VI) and U3 (3 0 hinge region), we can trace the corresponding 5 0 -ETS::U3 heteroduplex to a site within the 90S cryo-EM density, which is adjacent to the Pwp2 double b-propeller above Utp21 ( Figure 5B ; see also Figures 2B and 4D) . Thus, the U3 snoRNP is strategically positioned at the center of the huge 90S pre-ribosome with multiple contacts to RNA and proteins.
Identification of Additional Assembly Factors in the 90S
Pre-ribosome Due to the availability of X-ray structures of additional biogenesis factors, we identify the elusive Bms1-Rcl1 complex, proposed to catalyze the endonucleolytic cleavage at site A 2 within the ITS1, between a double propeller of UTP-B and the head of the 90S particle ( Figure 5A ). Moreover, we can fit the homodimeric acetyltransferase Kre33, known to modify pre-18S rRNA at nucleotides 1,280 and 1,773 (Sharma et al., 2015) , into the head region of the 90S particle, close to Bms1 and Rcl1 ( Figure 5A ). Similarly, we find the methyltransferase Nep1/Emg1, shown to bind two consensus sequences (bases 1,188-1,193 and 1,565-1,570) located in the mature 18S head (Thomas et al., 2011) , in the 90S body region near UTP-B ( Figure 5A ) and ribosomal uS7 and eS28 (see below). In addition, we could localize the positions of Imp3 and Imp4, which are both members of the Mpp10 subcomplex, as well as of Utp30 and two KH domain proteins in the body of the 90S ( Figure 5A ). However, many other striking structural entities seen in the cryo-EM density of the 90S preribosome remain to be identified. Among them are three needle-like a-helical protein densities (7.5-11 nm in length) that pierce through the entire body of the 90S particle, presumably stabilizing the unique 90S conformation ( Figure 5A ). Thus, the cryo-EM density of the thermophilic 90S pre-ribosome has allowed putting many annotated 90S assembly factors into an architectural context ( Figure S7 ).
Identification and Conformation of 18S rRNA and SProteins in the 90S Pre-ribosome
The obtained cryo-EM map allowed us to investigate the topology of the pre-18S rRNA within the nascent 90S particle. The 18S is divided into four secondary structure subdomains termed 5 0 , central, 3 0 major, and 3 0 minor, respectively (Woolford and Baserga, 2013) . The tertiary structure of the 5 0 subdomain can be clearly identified in the head region of the 90S particle, close to the assembly factor Kre33 and the snake-like a-helical densities ( Figure 6A ). In support of this finding, we unambiguously identify h6-h8 and h11 as well as six of the ribosomal S-proteins as part of the 5 0 domain (uS4, eS4, eS6, eS8, eS17, and eS24), all of which are already bound to their canonical binding sites within the nascent 18S rRNA ( Figure 6A, inset) . Following the pre-rRNA further on its route, we can identify rRNA helices h16 and h17 that in the mature 40S subunit form the shoulder between the body and the head (Figures 6A and 6B ). H16 and h17 already stack co-axially, but are slightly skewed compared to the final position in the mature 18S. However, despite the overall fold being close in conformation to the mature form, the 5 0 subdomain has still to undergo compaction in order to reach its final 18S rRNA state ( Figure 6B ). Based on the observation that the 5 0 -ETS is residing predominantly in the 90S base, and the 5 0 subdomain of the 18S rRNA is located in the 90S head, a linker sequence has to connect to the 5 0 end of the 18 rRNA. Interesting in this context, we could identify a PIN domain in the central part of the 90S particle near the position of where h1 would be located in the mature 18S rRNA. This PIN domain is most likely part of Utp24 (Fcf1), the putative endonuclease suggested to catalyze A 1 cleavage (Bleichert et al., 2006) ( Figure 5A ). The 18S central domain can be found in the back of the body of the 90S pre-ribosome, close to its mature position next to the 5 0 domain, by identifying helix h20, h22, h23, and h26 ( Figure 6A , inset). Accordingly, we can also identify ribosomal proteins eS1, eS7, uS8, uS11, and uS15, which are already bound to their canonical binding sites. The large expansion segment ES6 that consists of four rRNA helices located at the solvent side of the mature 40S could not be assigned unambiguously. Of four helices, we find only two near the expected mature position. Therefore, ES6 appears to be not yet properly folded or adopts an alternative conformation at this early stage of assembly. The 3 0 subdomain of the 18S, which eventually will be a component of the characteristic 40S head, appears to be buried in the center of the 90S particle. Here, we could identify rRNA helices h28-h30, h41, and h43 that are already bound to the ribosomal proteins uS7, uS9, and eS28, respectively ( Figure 6A,  inset) . Notably, Emg1 is located nearby uS7 and eS28, close to its consensus binding sequences within the 18S rRNA (Figure 6A) . The rest of the 3 0 domain could not be traced in our cryo-EM structure indicating that at this stage the overall conformation of this part of the 18S significantly deviates from its mature state. This is consistent with the observation that the uS7-uS9-eS28 protein cluster, which is located at the back of the mature 40S head, is still far away (10 nm) from the eS1-uS11 cluster that is part of the 40S platform. These clusters are bound to their canonical RNA sites and will later contact each other in the mature 40S. This implies that the pre-18S 3 0 domain has to undergo dramatic rearrangements including a considerable tilt as well as rotation at a later step in order to reach its mature conformation ( Figure 6B) . Notably, for the long rRNA h44 (3 0 minor) we could not find a corresponding density in the area of its mature position.
Altogether, the pre-18S rRNA within the 90S pre-ribosome is in transition from secondary to properly folded tertiary structure. Additionally, the cryo-EM structure reveals that the 5 0 -ETS recycling intermediate indeed contributes to the mold-like 90S scaffold that can accommodate the pre-40S moiety for folding, shaping, and processing it.
DISCUSSION
The eukaryotic 90S pre-ribosome coordinates the complicated initial steps during co-transcriptional ribosome formation. Making use of a thermophile, we have visualized this elusive 5 MDa biogenesis intermediate by cryo-EM at sub-nanometer resolution, which is consistent with the recently determined assembly map for the myriad of 90S factors recruited to the nascent pre-rRNA in a dynamic and sequential order (ChakerMargot et al., 2015; Zhang et al., 2016) . Strikingly, the nascent rRNA, which in its linear form would be a long thread of 3,000 nucleotides in fungi, is co-transcriptionally mounted into a dedicated mold formed by the 90S RNP scaffold, required for efficient rRNA processing, folding, and integration of ribosomal proteins into the pre-40S moiety ( Figures 7A and 7B ). This finding points to a novel concept in RNA biology that a nascent RNA folds and matures in a protected environment, reminiscent to some extent of how proteins fold in chambers formed by chaperones (Hartl et al., 2011) . It has been known for a long time that prokaryotic 30S ribosomal subunits can be assembled in vitro from their components in the absence of biogenesis factors (Nomura et al., 1968) . However, our data indicate that eukaryotes have evolved a complex machinery of more than 70 factors that decorate the nascent rRNA to catalyze sequential rRNA folding, modification, and processing steps.
The numerous non-ribosomal factors bound to the 5 0 -ETS and pre-18S RNA framework within the 90S particle form a highly interconnected scaffold (Figures 7B and 7C) . It is impressive to see how b-propellers and several a-solenoid proteins on its surface contribute to the mold-like cast, into which the pre-rRNA is embedded (see Movie S2). Notably, coating or scaffolding cellular structures by combining b-propellers with a-solenoid proteins appears to be an evolutionary old principle, which can be seen in the membrane-coating lattice scaffolds of the nuclear pore complex and vesicle coats (Lee and Goldberg, 2010; Leksa and Schwartz, 2010) . Following the early rRNA cleavages (A 0 -A 2 ), most of this 90S scaffold can dissociate en bloc as a 5 0 -ETS recycling intermediate during a later maturation step, yielding a pre-18S rRNA (i.e., 20S) containing particle that will subsequently evolve and mature into the 40S subunit ( Figure 7C ). The released 5 0 -ETS recycling intermediate is destined for 90S factor recycling, which involves the exosome for RNA degradation ( Figure 7C ). Thus, 5 0 -ETS turnover and 90S assembly factor recycling are essential for ribosome biogenesis.
Importantly, our structure allows us to visualize the longsought-after U3 snoRNP and identify how it is embedded into the 90S pre-ribosomal particle. Surprisingly, the two copies of the Nop1 methyltransferase in the U3 3 0 domain are located differently in the 90S particle, when compared to the X-ray structure of the C/D box RNP complex from Sulfolobus solfataricus (Lin et al., 2011) . However, to date no direct role of the U3 snoRNP in rRNA methylation has been shown, perhaps accounting for the alternate conformation of Nop1. The cryo-EM structure further reveals how the 5 0 part of the U3 snoRNA deeply penetrates into the 90S core where the nascent pre-rRNA is encapsulated, stabilizing the premature folding stage of the A 1 cleavage site region within the pre-18S rRNA (Dutca et al., 2011) . This base pairing to complementary sites within the nascent 18S rRNA is thought to prevent premature formation of the central 18S rRNA pseudoknot, a key architectural feature of the small subunit that physically coordinates the four pre-18S rRNA domains required to set up the decoding center (Kudla et al., 2011) . As RNA usually rapidly folds into secondary structural domains, the U3-hybridized state could determine the time frame for extensive pre-rRNA modification in the corresponding area. This concept of deliberately maintaining an intermediate rRNA folding state is supported by the fact that ATPdependent function of the DEAH-box helicase Dhr1/Ecm16 is essential for the removal the U3 snoRNA from the pre-18S moiety in order to allow 18S pseudoknot formation (Sardana et al., 2015) . Thus, upon separation of the pre-40S moiety from the 90S scaffold, leaving the U3 snoRNP and other assembly factors behind, the pre-40S particle may spontaneously ''collapse'' into a more mature configuration.
Our structure shows that the pre-18S rRNA does not yet fold into its final conformation (e.g., tertiary structure contacts) in the 90S pre-ribosome. Only the 5 0 domain of the 18S rRNA is folded in a form very similar to that seen in the mature state, whereas the central and 3 0 domains are not yet configured. Similarly, the 3 0 domain of the 16S rRNA in prokaryotes is last to be folded (Sashital et al., 2014) . The 90S pre-ribosome structure implies a pathway involving sequential and domain-specific local rRNA folding that leads to regions that are more mature than others, which are still flexible and single-stranded, hence allowing deep penetration of RNA modifying enzymes into the 90S RNA core to perform site-specific rRNA modifications (e.g., methylation) and cleavages. Strikingly, we can fit a total of 14 S-proteins into the 90S particle (eS1, uS4, eS4, eS6, uS7, eS7, uS8, eS8, uS9, uS11, uS15, eS17, eS24, and eS28) . These early ribosomal RpS proteins most likely stabilize local RNA secondary structure, before release of the pre-40S moiety from the 90S scaffold. The presence of those ribosomal proteins in the 90S particle is in agreement with the hierarchical S-protein assembly studied in Escherichia coli and yeast (Jakob et al., 2012; Sashital et al., 2014) .
In conclusion, our cryo-EM will serve as a rich source for future studies of 90S biogenesis factors. In combination with biochemistry and modeling, the molecular choreography of the 90S assembly factor network on the earliest pre-ribosome was revealed, which gives insight into the mechanism of how eukaryotic cells begin to assemble their ribosomes.
EXPERIMENTAL PROCEDURES Yeast Strains and Genetic Methods
The S. cerevisiae strains used in this study are listed in Table S3 . N-and C-terminal tagging was performed as previously described (Longtine et al., 1998) . For depletion of Rrp6, GAL::3xHA-rrp6 yeast cells were shifted from galactose-(YPG) to glucose-containing (YPD) medium for 10 hr. Yeast two-hybrid analysis was carried out as previously described (James et al., 1996) .
Plasmid Constructs
Recombinant DNA techniques were performed according to standard procedures. Plasmids used in this study are listed in Table S5 .
Ectopic Expression of Proteins in C. thermophilum For stable ectopic integration, a C. thermophilum strain was transformed with a construct generated from genomic DNA comprising the endogenous promoter and a C-terminal FTpA-tag for affinity-purification (Kellner et al., 2016) . Strains used in this study are listed in Table S4 . For a detailed description of the transformation and selection procedure see the Supplemental Experimental Procedures.
Tandem Affinity Purification
Purifications of C-terminal FTpA-tagged bait proteins from yeast were performed in a buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1.5 mM MgCl 2 , 5% glycerol, 0.1% NP-40, and 1 mM DTT as previously described (Thoms et al., 2015) . For purifications from C. thermophilum lysates, mycelium was lysed by cryogenic grinding in a cell mill (Retsch MM400) using a buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 50 mM K(OAc), 2 mM Mg(OAc) 2 , 1 mM DTT, 5% glycerol, and 0.1% (v/v) NP-40.
Sucrose Gradient Analysis
Eluates of tandem affinity-purifications were analyzed by sucrose gradient centrifugation (tandem affinity purification (TAP)-gradient). Therefore, 95% of the eluted sample was loaded onto a 15%-40% (w/v) linear sucrose gradient containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1.5 mM MgCl 2 , 0.001% (v/v) NP-40, and 1 mM DTT and centrifuged for 16 hr at 129,300 3 g (4 C). The corresponding fractions were collected and used for protein (67%, trichloroacetic acid [TCA]-precipitated) and RNA (33%) analysis. Ribosome polysome profile analysis was performed as previously described (Stelter et al., 2015) .
RNA Extraction and Analysis
Total RNA and RNA from gradient fractions was isolated as previously described (Kos and Tollervey, 2005) and resolved on 8% polyacrylamide/8M urea or 1.2% agarose glyoxal gels. For northern analysis, the following g 32 P-
ATP 5 0 -end-labeled probes were used: 20S (5 0 -CGGTTTTAATTGTCCTA-3 0 ), 27S (5 0 -AGATTAGCCGCAGTTGG-3 0 ), U3 (5 0 -GGTTATGGGACTCATCA-3 0 ), and 5 0 -ETS (5 0 -GTCTTCAACTGCTTTCGCA-3 0 ). Primer extension to determine the 5 0 end of the ct5 0 -ETS was performed as previously described (Gigova et al., 2014) using the oligonucleotide (5 0 -TTAGGAGTCTTCCCAGATG-3 0 ).
CRAC Analysis
The CRAC experiments were performed as previously described (Granneman et al., 2009; Thoms et al., 2015) .
Electron Microscopy
Negative stain electron microscopy was performed as previously described (Barrio-Garcia et al., 2016) . For a detailed description of the cryo-EM analysis and molecular model creation please see the Supplemental Experimental Procedures.
Mass Spectrometry
Coomassie-stained bands excised from SDS-polyacrylamide gels were identified by mass spectrometry (Bassler et al., 2001) . The complete set of coprecipitating proteins was identified by 1DnLC-ESI-MS-MS spectrometry at the FingerPrints Proteomics facility at the University of Dundee and analyzed using the Max-Quant software (Luber et al., 2010) . Identified proteins and label-free quantification (iBAQ) are shown in Tables S1 and S2 .
Miscellaneous
Protein samples from sucrose gradient factions were precipitated by the addition of TCA to a final concentration of 10% and resuspended in SDS-containing sample buffer. Protein samples were separated on 4%-12% Bis-Tris polyacrylamide gradient gels (NuPAGE, Invitrogen) and stained with colloidal Coomassie (Roti-Blue, Roth). Western blot analysis was performed according to standard procedures.
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